Abstract-We present a computationally efficient method to implement rate constraints for state and input variables directly on the discretization mesh for all h, p and hp collocation methods. Compared to existing methods, singular arc free solutions can be obtained, together with a reduction in computation time of more than 20%.
B. Rate Constraints
Consider a nonlinear systemẋ(t) = f (x(t), u(t), t), where the vector x(t) are the states and the vector u(t) the inputs. In many problems, constraints of the forṁ
may need to be implemented, for example, to account for actuator limits or fulfilling ride comfort requirements.
1) Conventional implementation:
A common approach is to introduce u as an additional state variable and v as the new input with a simple bound through the dynamic equatioṅ
For rate constraints on the state, additional path constraints are needed:ẋ Unfortunately, this intuitive implementation exhibits many shortcomings, as explained in [1] . This approach results in a larger NLP problem that is often more difficult to solve. Also, when (2) is used, singular arc behaviours may occur because of the new control v appearing linearly in the system dynamics.
2) Proposed implementation: To mitigate the abovementioned shortcomings, [1] proposed a method to impose algebraic rate constraints for input variables directly on the discretization grid of an h collocation method. We generalize this approach to all h, p and hp collocation methods, as well as for rate constraints on states.
This "on mesh" implementation replaces the dynamic equation (2) and nonlinear path constraints (3) with linear equations relating the same variable at different sampled times. Because of this, there is no contribution to the Hessian and the contribution to the Jacobian can be precomputed, enabling faster iterations. In addition, the singular arc issue is now also mitigated.
C. Results
To demonstrate the computational benefits, we modified the classical problem of aircraft go-around in the presence of windshear [2] , which already included one input rate constraint −3 ≤α ≤ 3 [deg/s]. For the purpose of demonstration, one additional rate constraint is added on the velocity state −5 ≤v ≤ 5 [ft/s 2 ]. Table I demonstrates that significant improvements in computational performance is possible on an Intel Core i7 processor with NLP solver IPOPT. 
